The use of separate codes for computing inviscid flow and turbulent boundary layer development over yawed, spinning and non-spinning bodies of revolution has yielded some very good solutions for cone and ogive-cylinder shapes 1 . However, the authors of Reference 1 have found that application of these techniques to bodies with boattailed afterbodies has not yielded satisfactory results even at small angles of attack (a < 4°).
Several recent publications have reported supersonic flow field computations using Parabolized Navier-Stokes (PNS) techniques.
These publications have reported very good results for cone models for laminar and turbulent viscous flow 2 ' 3 , and for cone and ogive-cylinder models for laminar viscous flow ' .
The PNS method appears to offer an attractive technique for computing flow over bodies with discontinuities in surface curvature (such as occurs at the junction between the cylinder and the boattail) since the inviscid flow and viscous layer are computed simultaneously. Further, the PNS method permits adequate flow field resolution to be achieved with very reasonable computer costs. This report documents detailed comparisons of PNS computational results to experimental measurements of turbulent boundary layer profile characteristics of a spinning ogive-cylinder-boattail body at Mach = 3.
In addition, comparisons are made between the PNS computations, boundary layer-inviscid computations, and experimental measurements of Magnus forces for cone, ogive-cylinder, and ogive-cylinder-boattail models for 2 < M < 4. The PNS code is that reported by Schiff and Steger 6 . The boundary layerinviscid code is that reported by Sturek, et al 1 . 
II. OVERVIEW OF NUMERICAL SCHEME A* Governing Equations and Numerical Scheme
A body-conforming 5, n, c, coordinate system ( Figure 1 ) is used which maps the body surface and outer boundary of the flow region in physical space onto coordinate surfaces of the computational space.
This transformation simplifies the application of surface boundary conditions and permits the approximation of neglecting streamwise and circumferential viscous terms in high-Reynolds-number flow (see Ref. 6 ).
The resulting steady thin-layer PNS equations can be written in strong conservation-law form in terms of nondimensional variables as 
Equation (1) is parabolic with respect to 5 and can thus be marched downstream in the 5 direction from an initial data plane (subject to appropriate body and free-stream boundary conditions) under those conditions where the local flow is supersonic. By evaluating the pressure, p., in the E flux vector using (
where q = J" (p, pu, pv, pw, e).
The 6's represent second order central difference operators while A represents a conventional forward difference. The Jacobian matrices A, B, and C are defined as-^,-, and-^5 respectively.
The coefficient matrix M is obtained from the Taylor series linearization of the viscous vector S. The algorithm shown in Eq. (7) is second order accurate in 5 for a = 1/3, and first order accurate in 5 for a = 0.
The fourth order dissipation term represented by i; which is added to damp high-frequency oscillations. The algorithm has been applied to compute a variety of laminar and turbulent flows and the results have been in excellent agreement with those obtained from more costly timedependent computations.
Full details of the Parabolized Navier-Stokes assumption, and of the derivation of the algorithm are included in Reference 6.
B. Conical Initial Solutions
In general the initial data plane for the marching method must be supplied from an auxiliary computation. However, when treating the flow over conical or pointed bodies, the marching code can be used to generate its own initial data plane.
As outlined in Ref. conical grid is selected and the flow variables are initially set to freestream values. The solution is marched downstream from an initial station and, after each step, the solution is scaled to place it back at the original station.
When no change in the flow variables occur with further marching, the variables are constant along rays, and a conical solution has been generated. If the flow variables within the viscous layer can also be assumed to be locally constant along rays, the same procedure can be used to generate viscous conical solutions.
For the ogive-cylinder-boattail computations, the tip of the ogive was replaced with a cone tangent to the ogive at x = 0.267 caliber (1 caliber = 1 model diameter). Conical solutions were generated at that station and used as starting data for the marching code. A small error is made in generating the starting solution for cases with surface spin due to the change in circumferential velocity with longitudinal position.
However, this error is small since the stepsize used in the conical initial solution is less than 1% of the distance from the tip to the initial plane. In any event, this error is quickly corrected as the initial solution is marched over the body.
C. Adaptive Grid
An adaptive grid capability was developed for the PNS code in order to maintain adequate resolution of the viscous layer as the solution develops over the full length of the spinning model. This capability was also found to be of importance in maintaining computational stability, particularly for the Mach = 4 computations.
The strategy used here was to check for the value of Y (y + = P w U T y/ii w ; U T = /T W /P W ) at the first grid node above the model surface and to adjust the grid stretching parameters to maintain this value of y + within the desired range, 5 < y + < 10. This check was made only at the wind and lee sides of the model.
The stretching parameter was varied linearly between the extremes determined at the wind and lee sides for grid nodes at circumferential stations off the pitch plane. If the value of y + was found to be outside the specified criteria, the stretching parameter was adjusted by 0.5% for the next computational step.
Although the adaptive grid technique works well in general, it was found that permitting too great a change in the grid configuration from step to step resulted in the introduction of errors into the computation.
III. RESULTS

A-Model Geometry and Experimental Measurements
The dimensions of the ogive-cylinder-boattail model used for the detailed flow field studies are shown in Figure 3 . The model is 6 calibers long with a 1-caliber, 7° boattail, and closely resembles a modern low-drag artillery projectile.
A number of wind-tunnel experiments have been conducted for this model geometry in order to obtain data for comparison to numerical computations. The data acquired include measurements of wall static pressure 8 , turbulent boundary-layer velocity profiles 9^0 , surface skin friction 9 , and flow visualization. The test conditions were M = 3 with a tunnel total pressure of 0.298 MPa and tunnel total temperature of 308 o K. These conditions produced a free-stream Reynolds number of 7.3 x 10 6 based on the model length.
The boundary layer was tripped near the tip of the model to produce a reliable turbulent flow.
Additionally, aerodynamic force 11 ' 12 measurements were available for 10° cone, ogive-cylinder and ogive-cylinder-boattail shapes at M = 2, 3 and 4.
These data include Magnus and pitch plane aerodynamic force and moment coefficients.
All tests were performed using SSWT Number One at the U.S. Army Ballistic Research Laboratory.
This facility, which is no longer in operation, was a continuous flow tunnel with a flexible plate nozzle. The test section size was 330 x 380mm (13 x 15 in.).
B. Comparison Between Computation and Experiment
Computations were performed for a body having the same geometric shape as the experimental model, and for flow conditions duplicating that of the experiment.
Turbulent conical solutions were generated at x = 15.2mm (see Figure 3 ) and used as initial data for the PNS marching code.
The present computations used a grid consisting of 36 circumferential points (A<j) = 10°)
8.
Reklis The PNS computations are compared to experimental measurements and to inviscid flow computations made using codes based on MacCormack's predictor-corrector technique (Figures 4-5) .
Longitudinal surface pressure distributions along the windward and leeward rays are shown in Figure 4 for an angle of attack of 6.3°. The PNS computations exhibit better agreement with experiment in the vicinity of the discontinuities in streamwise surface curvature at the ogive-cylinder and cylinder-boattail junctions than the inviscid computations.
Examples of comparisons of circumferential surface pressure distributions are shown for a = 6.3° in Figure 5 at two longitudinal stations; one on the cylinder portion of the model near the boattail, the second, midway on the boattail.
The comparison on the cylinder indicates excellent agreement between the PNS computation and experiment and the appearance of a systematic discrepancy between the inviscid computation and experiment for 100° < $ < 150°. This trend is accentuated for flow on the boattail.
Streamwise Velocity Profiles.
A sensitive test of the accuracy of the PN S computational technique applied to this flow is the comparison of measured and computed boundary-layer velocity profiles. Such comparisons are shown in Figures 6 and 7 for two longitudinal stations; station A on the cylinder near the boattail, and station B on the boattail (Figure 3 ). Each figure shows the velocity profiles at a particular longitudinal station for circumferential stations completely around the model in 30° increments.
The nondimensional streamwise velocity component, u, is plotted versus physical distance y measured radially from the body surface in millimeters, rather than against normalized y/6. This method of plotting prevents scaling differences between the computation and experiment from giving a false comparison.
Comparisons for M = 3, a = 4.2° and a spin rate of 333 RPS are shown in Figures 6 and 7 . The agreement is, in general, excellent. However, a slight discrepancy is visible for the profiles just off the lee-side at * = 150° and 210°. This discrepancy, which is attributed to the formation of longitudinal
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vortices, becomes more pronounced at increased angles of attack and is discussed in more detail in Ref. 13 . For the purpose'of this study -which is to determine Magnus effects at small angle of attack -the agreement between computational and experimental velocity profiles is considered to be very sati sfactory.
Magnus Force. The Magnus effect is strongly dependent on the circumferential pressure distributions and the asymmetries about the pitch plane that occur when the model is spinning.
Thus the PNS technique is particularly attractive for computations of the Magnus effect since, as seen in Figures 4-5 , the accuracy for the circumferential and longitudinal distributions of wall pressure are much improved over that obtained using inviscid techniques. This improvement was most significant for the flow over the boattail. In order to test the accuracy of the PNS code for computing Magnus effects, several test cases have been run for flow conditions where experimental measurements of Magnus forces and moments have been accomplished 11 ' 12 . See Figure 8 for the sign convention used in evaluating the aerodynamic forces and moments.
The results of these computations for the 10° cone model are shown in Figure 9 and for the ogive-cylinder and ogive-cylinder-boattail models in Figures 10 and 11 , respectively.
The PNS computations are compared to inviscid-boundary layer results and to the experimental measurements as indicated. Tabulated results are presented in Tables 1, 2 Considering the small magnitude of the Magnus force, the agreement with experiment shown in Figure 10 for the ogive-cylinder model is considered to be quite good for the INV-BL technique; however the PNS result is obviously better. This result is also considered to be verification of the INV-BL concept at small angle of attack. The results shown in Figure  11 show a dramatic superiority of the PNS technique compared to the INV-BL technique for the ogive-cylinder boattail model where the INV-BL technique greatly exaggerates the effect of the flow over the boattail.
Comparisons of the PNS computations to experiment for additional Mach number flow conditions (2 < M < 4) for the ogive-cylinder and ogive-cylinderboattail models are shown for Magnus force coefficient in Figure 12 and for the slope of the Magnus moment coefficient in Figure 13 . Excellent agreement is indicated for the Magnus force coefficient in Figure 12 for magnitude and for trend with Mach number and body configuration.
The agreement shown for the slope of the Magnus moment coefficient in Figure 13 is less satisfactory; however, the trend with Mach number and body configuration is accurately predicted. The absolute value of the prediction is well within that required for parametric design studies.
Computations have also been performed using the PNS code for laminar boundary layer flow over a 10° cone at M = 4, a = 2°, i2 = 500 RPS lu^n^c 0 • 2^ A constant wal1 temperature boundary condition was included in the PNS code for this computation. This is the case for which a reversed Magnus effect was reported in Ref. 5 .
The results of these computations are shown in Figures 14 and 15 .
Individual components of the side force coefficient due to the Magnus effect obtained with both computational methods are shown in Figure 14 .
The results differ considerably. The monotonic behavior of the present PNS results follows the classical trend, and is similar to that shown above for the turbulent case.
The results of an investigation of the effect of wall temperature is shown in Figure 15 , where computations for a cold wall and adiabatic wall boundary conditions are compared.
No tendency for a reversal of the Magnus force was obtained. The effect of the cold wall is to reduce the magnitude of the Magnus force.
C. Pitch Plane Aerodynamics
Examples of computed values for the slope of the pitching moment coefficient, C m , and center of pressure, CP, are shown in Figures 16 and 17,   a respectively, compared to experiment for the ogive-cylinder and ogivecylinder-boattail shapes. The agreement with experiment is excellent for the full range of Mach number, 2 < M < 4.
IV. CONCLUDING REMARKS
A numerical computational study has been described in which the PNS marching code recently developed by Schiff and Steger has been used to compute Magnus effects for spinning, slender bodies.
The PNS computations have been compared to INV-BL computations and to experimental measurements. The comparisons have shown that the PNS code yields excellent agreement with the experimental data. These results indicate that the PNS numerical technique, which computes the inviscid flow and the viscous layer simultaneously, closely models the physics of the actual flow over the body including discontinuities in surface curvature. This feature has been shown to be of particular significance for computations of the flow over a boattailed afterbody.
The results also indicate verification of the suitability of the INV-BL technique for cone and ogive-cylinder bodies at small angle of attack in contradiction to a previous result for laminar viscous flow.
The comparisons of this paper represent the first comprehensive tests of PNS computations for turbulent, viscous flow over a spinning ogive-cylinderboattail model and indicate that the PNS code reported here represents a viable computational tool for predicting Magnus effects for spinning projectiles at small angle of attack.
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